Summary. The effects of religion, population sub-division and geography on the prevalence of deaf-mutism were investigated using information collected in the 1921 Census of Punjab. The total sample size was 9·36 million, and comprised data on thirteen Hindu castes, seventeen Muslim biraderis and two Sikh castes. A two-way analysis of variance comparing males in Hindu castes in which consanguineous marriage was prohibited, with males in Muslim biraderis which favoured first cousin marriage, indicated major differences with respect to the patterns of deaf-mutism within each religion. In the Muslim population 9·1% of the relative variation in the prevalence of deaf-mutism was inter-biraderi, 36·8% between geographical regions, and 48·8% an interaction between biraderi and region, whereas among Hindus 46·8% of the observed variation was inter-caste, 12·8% inter-region and 33·6% due to caste-region interaction. From a wider disease perspective the results obtained with the Hindu community indicate the significant genetic differentiation associated with caste endogamy. As the overwhelming majority of Hindu marriages continue to be within-caste, it can be predicted that similar levels of inter-caste differences in disease frequency currently exist. By comparison, the lower level of inter-biraderi variation among Muslims is probably indicative of the dissolution of pre-existing caste boundaries and the resultant gene pool mixing that followed the large-scale conversion of Hindus to Islam during Muslim rule in North India from the 13th to the 19th centuries.
Introduction
Within Western societies there is a long tradition of antipathy to marriages between close biological kin, an attitude which originally seems to have been governed by religious rather than secular principles (Bittles, 2003) . During the mid-19th century there was a major upsurge of interest in consanguinity in both North America and Western Europe. In the USA events were precipitated by a paper delivered to the 9th Meeting of the American Association for the Advancement of Science which called for urgent action to curtail first cousin marriage (Brooks, 1856) . This view was strongly backed by Lewis Henry Morgan who in 1870 had published a seminal volume on marriage structure, with particular emphasis on consanguinity. Although Morgan and his wife were first cousins, the birth of an intellectually disabled son and the subsequent death of both of their daughters from scarlet fever seem to have persuaded him that consanguinity should be avoided (Ottenheimer, 1990 (Ottenheimer, , 1996 . As President of the American Association for the Advancement of Science in 1880, Morgan's opinions were influential in the subsequent prohibition of first cousin unions by a majority of US states.
The controversy surrounding consanguinity also was widely debated in Great Britain with Charles Darwin, who had married his first cousin Emma Wedgwood, a leading protagonist (Bittles, 1994) . Like Morgan, Darwin was a late convert to the belief that consanguinity should be avoided, since his comments on the subject were not published until six years after the birth of his tenth and last child (Darwin, 1862) . The adverse biological effects assumed to be associated with consanguineous marriage became important at an early stage in the controversy, with deaf-mutism a subject of particular interest. One of the first studies into the causes and prevalence of deaf-mutism was undertaken by Sir William Wilde, the father of the author and playwright Oscar Wilde. As Assistant Commissioner for the post-Famine 1851 Census of Ireland Wilde collected details on the numbers and circumstances of the deaf and dumb and reported a total of 4747 cases, with an estimated 170 parental couples who were related as first, second or third cousins (Wilde, 1854) . Following Wilde's pioneering work other studies into the prevalence of deafmutism were conducted in Great Britain and Continental Europe (Mitchell, 1862; Child, 1863; Darwin, 1875) . However, most of these investigations were based on small population isolates and so the results were of restricted general application. They nevertheless attracted the attention of the British Government of India and from 1871 onwards a question on the prevalence of deaf-mutism was included in the Census of India. Data from these Censuses, which were conducted in each state on a decennial basis from 1871 to 1931, offer the opportunity of examining possible associations between consanguinity and deaf-mutism in a large continental population. Furthermore, in the latter Census years the information was collected by religion and by specific community, whether caste for Hindus and Sikhs, or biraderi (literally translated as brotherhoods) for Muslims. Biraderis are organized on traditional social/occupational bases and for Muslims in Punjab they fulfilled a similar role to the caste system in Hinduism (Shami et al., 1994) .
The Hindus of north India strongly avoid consanguineous marriage (Kapadia, 1958) whereas consanguineous marriage is favoured by Muslims (Hussain & Bittles, 1998; Bittles & Hussain, 2000) . Therefore a central aim of the study was to determine whether consanguineous marriage could be shown to be associated with a higher prevalence of deaf-mutism. In addition, the censal data were used to investigate if the patterns of deaf-mutism differed between and within the co-resident Hindu and Muslim populations. Sub-Himalayan; IV. North-West Dry Area, and individual states and districts. In the accompanying legend the states are numbered and named in bold, the districts in plain font.
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A. H. Bittles, S. G. Sullivan and L. A. Zhivotovsky into the north-west of the Indian sub-continent (McElreavey & Quintana-Murci, 2002) . Analogously, the regional component can be interpreted as caused by variation in the 'environmental' conditions of the different regions with, as indicated later, the effects of soil erosion and the associated reduction in soil iodine levels a major factor in the Himalayan zone. The interaction component is the variation in frequency of the disease that is specific to both caste/biraderi and geographical region. Finally, the error component of the table represents the variation of the disease within each sub-community due to population size.
Results
As summarized in Table 2 , a total of 9,362,881 persons were studied in the 46 constituent states of Punjab, 54·2% of whom were male and 45·8% female. Under-enumeration of females is a perennial problem in censuses and surveys conducted in South Asia and it is especially commonplace in north India and Pakistan where females are widely disadvantaged (Das Gupta, 1987; Bhutta, 2000; Clark, 2000; Winkvist & Akhtar, 2000) . The degree to which women in Punjab were under-enumerated in the 1921 Census can be gauged from the high sex ratios calculated from Table 2 for each of the main religious communities: Hindus 1·183, Sikhs 1·147 and Muslims 1·181. By comparison, an overall tertiary sex ratio of 1·047 was reported for the 1921 Census of India (Dyson, 2001) . Hindus comprised 38·2% of the total, Sikhs 0·9% and Muslims 60·9%, with a biased geographical distribution of the communities. Muslims formed large majorities in the North-West Dry Area and the sub-Himalayan zone, and there were similar numbers of Hindus and Muslims in the south-east Indo-Gangetic Plain West. By comparison, there was a large majority of Hindus in the north-east Himalayan zone (Census of India 1921 , Punjab, 1923 see Middleton & Jacob, 1923) , where long-term erosion associated with glaciation, snow and high rainfall has led to the leaching of iodine from the soil and a consequent low iodine content in locally produced food. However, the distribution of both religions across all four geographical regions effectively controlled for this major environmental variable.
The overall numbers and percentages of Hindus and Muslims who were deaf-mute are summarized by geographical zone in Table 3 . As might have been expected given their preference for first cousin marriage (Hussain & Bittles, 1998; Bittles & Hussain, 2000) , and the known recessive gene contribution to deaf-mutism, Muslims had a higher prevalence of deaf-mutism than Hindus in three of the four geographical regions investigated: the Indo-Gangetic Plain, the Himalayan region and among males in the North-West Dry Area (Census of India, 1921 , Punjab, 1923 see Middleton & Jacob, 1923) . But because of the much larger number of Hindus (n=924,789) than Muslims (n=84,872) in the Himalayan zone where deaf-mutism due to iodine deficiency was most common, in the Punjab as a whole the total prevalence of deaf-mutism was actually higher in the Hindu community (Table 3) .
The rates of deaf-mutism reported were much higher for males than females in all four geographical zones and across caste/biraderi boundaries (Tables 3 and 4) . While no specific comment on this topic was included in the Census of Punjab 1921, the under-enumeration of females in disease returns had been extensively discussed in (Lindsay, 1874) ; and the Census of Mysore 1901 noted 'It is however surmised that the infirm women are not quite so rare but, that there was much reluctance and reticence in notifying the infirmity of females, especially in families where the Zenana or Gosha custom prevailed, whereby identification and personal verification were out of the question' (Ananda Row, 1903) . That is, the lower rates of deaf-mutism and other disorders recorded for females was a recognized and particular artefact arising from the seclusion of women. Major differences also were observed in the prevalence of deaf-mutism in different castes and biraderis (Table 4 ). Individual prevalence rates need to be interpreted with caution as in some of the numerically small sub-communities, e.g. the Muslim Mochi in the Himalayan zone and the Hindu Rathi in the sub-Himalayan zone, they are based on very small numbers of affected individuals. Given the prevailing reluctance to report females who were deaf-mute, the analysis of variance conducted on the prevalence of deaf-mutism was based on males only with marked differences observed between the patterns of deaf-mutism in Hindus and Muslims. The total variance in the frequency of deaf-mutism was 2·31 for Hindus and 1·05 for Muslims, indicating a much greater overall level of differentiation in disease prevalence between Hindu castes than Muslim biraderis in Punjab.
As shown in Table 5 , the composition of the variance also differed significantly by religion; the average variance in the prevalence of deaf-mutism was 46·8% for Hindu castes versus just 9·1% for Muslim biraderis. By comparison, the variance between geographical zones was 12·8% in Hindus but 36·8% for Muslims. This difference between the two religions became even more striking when populations of less than 10,000 were removed from the analysis, i.e. Hindus 28·6% and Muslims 61·7%, probably because of a decrease in population size errors.
The interaction between castes/biraderis and geographical region was significant for Hindus and Muslims at both levels of censoring, indicating the presence of specific interactions within each sub-community to the 'environmental' conditions encountered in the different geographical regions. In all cases the calculated errors were small, strongly suggesting that the observed variations in the prevalence of deaf-mutism in the different castes and biraderis were not due to population size. Hindu  7·1  4·0  30·6  22·4  12·9  9·7  7·6  7·2  13·8  10·1  Muslim  7·7  5·1  36·1  33·1  9·6  8·2  11·4  7·0  10·0  7·1 *Expressed as cases per 10,000.
Discussion
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A. H. Bittles, S. G. Sullivan and L. A. Zhivotovsky information gathered on disease. For example, the Report of the 1911 Census of India stated 'It must be admitted at the outset that the statistics of infirmities are very unreliable. The enumerators were not highly educated, and in spite of the care which was taken to supervise them, there must certainly have been errors in diagnosis.' Besides the general difficulties encountered in enumerating females, there also was a problem in differentiating between inherited prelingual deafness, as opposed to deaf-mutism associated with birth trauma, and speech and hearing disorders that were primarily environmental in origin and resulted from dietary iodine deficiency. Although the distribution of goitre and cretinism in India had been meticulously mapped by McCarrison (1915) , the influence of iodine deficiency disorders on health in the Himalayan region was not proven until almost 50 years later (Ramalingaswami et al., 1961) . Environmentally induced goitre, cretinism and deaf-mutism remain endemic in the Himalayan region (WHO/SEARO, 1985) , despite the introduction of salt iodination in India from 1962 onwards (Pandav & Anand, 1995) . Nationally an estimated 167 million people are currently at risk of developing iodine disorders, 54 million have goitre and there are 2·2 million cretins caused by iodine deficiency (ICCIDD, 2001) .
The failure of the 1921 Census to demonstrate a specific relationship between consanguineous marriage and deaf-mutism can be ascribed to the variability brought about by environmentally determined iodine deficiency, which as described earlier displays distinct local and regional patterns of distribution. By statistically controlling for this non-genetic variability the present analysis has revealed strikingly different patterns of deaf-mutism in the two major religious communities that are in keeping with their population structure, marriage practices and known histories. Within the Hindu population, the greater total variance and high between-caste variation in the prevalence of deaf-mutism reflects the rigid caste differentiation that characterizes Hindu society (Bittles, 2002a) . The patterns of caste endogamy common throughout India has restricted gene flow between different sub-communities and through time has resulted in the accumulation of specific mutations within individual castes (Bittles 2002b, c) . By comparison, although a majority of Muslim marriages are intra-biraderi and consanguineous, unions between members of different biraderis do occur, as was demonstrated in a subsidiary study of the 1921 Census of Punjab (Middleton & Jacob, 1922) . Large-scale conversions from Hinduism to Islam, especially from the 15th to 18th centuries (Bittles & Hussain, 2000) , also resulted in the effective disappearance of converts' pre-existing Hindu caste affiliations, which may in part explain the low inter-biraderi variance in the prevalence of deaf-mutism. The homogenizing influence of conversion to Islam on the gene pool has been demonstrated in Y-chromosome studies of the prominent Rajpoot biraderi in the Pakistan province of Punjab, with persons who either were born into different Rajpoot clans or even different Hindu castes recruited into a single biraderi (Wang et al., 2000) . (Note that for this reason Rajpoots were omitted from the present analysis.) Conversely, as indicated in Table 2 the Muslim population was widely dispersed within Punjab, and the strong language and cultural barriers between, for example, the Pushto-and Hindko-speaking peoples of the North-West Dry Area versus Punjabi speakers in the other geographical zones, would have contributed to their high between-region pattern of variation in deaf-mutism.
Despite their methodological limitations, the Census data collected between 1871 and 1931 remain the only comprehensive national source of information on the prevalence of deaf-mutism in India, and as an early example of genetic epidemiology the study undertaken by the Punjab Census Commissioners in 1921 was impressive in its scope and scale. The conclusions drawn from the Punjab study also showed considerable insight with, for example, the prediction that more than one gene for deaf-mutism must exist (Census of India 1921 , Punjab, 1923 see Middleton & Jacob, 1923) . In fact, 24 different single-gene mutations causing deaf-mutism have so far been described (OMIM, 2002) . With access to molecular genetic analysis, it will be interesting to see whether the differences in the prevalence of deaf-mutism between Hindu castes revealed in the 1921 Census can be correlated with different forms of inherited prelingual, sensorineural deafness in the present-day populations of the Indian sub-continent, and in the many Indian, Pakistani and Bangladeshi migrant communities abroad.
